Competition plays a crucial role in determining adaptation of species, yet we know little as to how adaptation is affected by the strength of competition. On the one hand, strong competition typically results in population size reductions, which can hamper adaptation owing to a shortage of beneficial mutations; on the other hand, specificity of adaptation to competitors may offset the negative evolutionary consequences of such population size effects. Here, we investigate how competition strength affects population fitness in the bacterium Pseudomonas fluorescens. Our results demonstrate that strong competition constrains adaptation of focal populations, which can be partially explained by population size reductions. However, fitness assays also reveal specific adaptation of focal populations to particular competitors varying in competitive ability. Additionally, this specific adaptation can offset the negative effects of competitor-mediated population size reductions under strong competition. Our study, therefore, highlights the importance of opposing effects of strong competition on species adaptation, which may lead to different outcomes of colonization under intense and relaxed competitive environments in the context of population dispersal.
Introduction
The extent to which populations adapt is dependent on ecological and evolutionary interactions with other species or populations [1] [2] [3] [4] [5] [6] [7] [8] [9] . One such ubiquitous interaction is competition. Between-population competition is predicted to constrain adaptation by reducing population sizes [10, 11] , and this adaptive constraint should increase with the strength of competition. Competition can also have more nuanced evolutionary consequences, owing to possible trade-offs between biotic and abiotic adaptations [1, 2, 10, 12] and specificity in adaptation to particular competitors [13, 14] . For example, character displacement, and the underlying niche differentiation, is a competitor-specific adaptation [14] [15] [16] [17] [18] . All things being equal, the negative effects of competitors on adaptation are likely to increase with competition strength. However, costs of evolving in the presence of strong competitors may be offset during colonization of new habitats. Most organisms commonly encounter biotically stressful environments when colonizing new habitats [13, 19] ; hence, a history of evolving with strong competitors may confer an advantage following colonization as a consequence, for example, of pre-adaptation for exploitation of low-productivity resources or reduced resource requirement for basic life activities. We, therefore, hypothesize that in competition-intense environments, specific pre-adaptation to strong competitors may offset the negative evolutionary consequence of competition-imposed population size reductions.
To experimentally determine how competitor's superiority affects adaptation, we used rapidly evolving in vitro populations of the bacterium Pseudomonas fluorescens SBW25 [20] . Pseudomonas fluorescens populations have been used extensively as a model system in evolutionary ecology, because of their propensity to rapidly adapt to both abiotic conditions [21] , including genetically diversifying & 2018 The Author(s) Published by the Royal Society. All rights reserved.
into morphologically distinct spatial niche specialists in spatially heterogeneous environments [15] , and biotic conditions (e.g. bacteriophage [22] , intra-and interspecific competitors [23] ). We first allowed focal populations to preadapt to environments with no, inferior, equivalent or superior competitors, and then measured each focal population's performance against all competitor types, using a full factorial design. To avoid our results being affected by potentially nuanced adaptation to different species, all competitors (including the inferior, equivalent and superior competitors) were derived from the same ancestor of P. fluorescens SBW25. We aimed to answer three specific questions: (i) do focal populations specifically adapt to competitors varying in their competitive ability? (ii) is population size a good predictor of adaptive potential as focal populations experience different strength of competition? and (iii) can the specific adaptation offset the negative evolutionary consequences of competitor-imposed population size reductions?
Material and methods (a) Strains and culture conditions
The bacterium P. fluorescens SBW25 [20] and an isogenic strain modified by integrating a lacZ gene and a gentamicin resistance cassette [24] were used to set up competitor and focal populations in our experiment, respectively. The presence of a lacZ gene results in blue colonies when culture is plated on agar plates supplemented with X-gal, allowing for easy distinction between focal and competitor colony forming units, and the gentamicin resistance allows for easy isolation of focal populations. Populations were incubated statically in 30 ml glass universal vials containing 6 ml of standard King's medium B (KB) at 288C.
(b) Selection experiment
We imposed four different selection regimes on focal populations by evolving these populations with no (N), inferior (I), equivalent (E) and superior (S) competitors (figure 1). Each microcosm was established by inoculating approximately 10 8 cells of the lacZ marked SBW25 strain in the presence or absence of approximately 10 8 cells of the appropriate unmarked competitor (see below). Each microcosm was incubated statically at 288C for 48 h, after which the densities of the focal and competitor populations were measured by plating serial diluted cultures onto KB agar plates supplemented with X-gal. Focal populations were isolated by plating 100 ml of 10
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-diluted cultures onto KB agar plates supplemented with X-gal and gentamicin (15 ml ml 21 ); the latter was used to select against the competitor. Following incubation, all blue colonies (approx. 1000) were scraped, mixed, inoculated into fresh medium and grown overnight in KB microcosms. One per cent (60 ml) of focal population cultures was then re-inoculated into fresh microcosms together with the same volume of the treatment-specific competitor cultures (figure 1). This cycle was continued for eight transfers, and samples of isolated focal populations were stored at 2808C every two transfers. There were 12 replicates in each treatment, yielding 48 microcosms in total.
The ancestor of P. fluorescens SBW25 was used as inferior competitors in treatment I. Specifically, the competitor was grown from the ancestral freezer stock for each transfer. For treatment E, we used the ancestor as equivalent competitors for the first transfer, and for subsequent transfers we used competitors that had evolved for approximately the same amount of time as the focal populations (figure 1). These competitor populations were evolved by transferring 1% of culture into fresh microcosms every 48 h, with samples frozen at 2808C in 20% (v: v) glycerol : culture solution.
Preliminary experiments revealed that equivalent competitors typically had marginally higher fitness than focal populations from the same transfer, because of their greater population size. To offset this effect we used only competitors from even-numbered transfers, resulting in the equivalent competitors coming from either the same (n) transfer as the focal population, or transfer n 2 1. For treatment S we used competitors that had an evolutionary head-start over the focal populations, having evolved for six transfers (approximately 40 generations) (figure 1). Preliminary work also showed that this six-transfer head-start resulted in superior competitors having a higher fitness than the focal population. Note that the aim of continually reintroducing competitors at each transfer was to ensure the maintenance of our treatment effects throughout the experiment, as well as to prevent potential extinction of the focal strain in the presence of the superior competitor.
(c) Measuring adaptation of focal populations
To obtain a proxy of adaptive ability, we measured the fitness of all focal populations from the final transfer relative to that of three reference populations: inferior, equivalent and superior competitors of the final transfer of the selection experiment. In order to measure adaptation of focal populations to competition strength, we pooled all 12 treatment-specific replicates of the competitor populations at equal ratios to obtain a mixed culture as a reference population. This pooling was done because when determining fitness with respect to competitors from different treatments, there is no pairing between competitors and focal populations.
The focal and reference populations were grown overnight in shaken microcosms separately, after which 1% of both cultures were mixed, inoculated into fresh cultures and incubated statically for 48 h, with initial and final densities of both focal and reference populations measured on X-gal supplemented KB agar plates. The relative fitness (W ) was estimated as the ratio of the estimated Malthusian growth rate (m) of the focal and reference populations:
where N i is the initial density and N f is the final density [25] .
(d) Statistical analyses
Population densities were log 10 -transformed in all subsequent statistical analyses. To test how variation in competitive ability affects focal population sizes, we used a one-way analysis of variance (ANOVA) on mean population size of each focal population (averaged across time), with selection regime (i.e. N, I, E, S) as an explanatory variable. The relative fitness of focal populations was analysed using a two-way ANOVA, with selection regime and reference population (competitors I, E, S) as explanatory variables. To investigate the relationship between population size and adaptation of focal populations, we carried out an analysis of covariance (ANCOVA) with relative fitness of focal populations as response variable; selection regime and reference population as explanatory variables, and mean focal population size (averaged across time) as a covariate. Model simplification was performed by removing non-significant terms sequentially from higher to lower-order interaction effects. Tukey's HSD multiple comparisons were also carried out for significant treatment effects. All statistical tests were carried out in the R environment [26] . 
Results

(b) Adaptation of focal populations
The distinct competitive abilities of competitors resulted in different magnitudes of adaptation of focal populations (twoway ANOVA: selection regime, F 3,132 ¼ 15.057, p , 0.001; electronic supplementary material, table S1; figure 3) . Crucially, the degree to which competitors hampered adaptation depended on which reference populations were employed for the fitness assays (two-way ANOVA: selection regime Â reference populations, F 6,132 ¼ 9.456, p , 0.001; electronic supplementary material, table S1). This significant interaction effect suggested that there was specificity of adaptation between the focal populations and competitors. Specifically, focal populations that had evolved in the presence of the equivalent or superior competitors overall showed lower fitness relative to focal populations in the other two treatments (electronic supplementary material, table S2) because of their reduced population sizes (see section (c) in Results); but they acquired additional adaptations specific to the equivalent and superior competitors, resulting in non-significant difference in fitness between the focal populations from different treatments when fitness was measured in competition with the equivalent and superior competitors ( figure 3 ). E   T2  T3  T4  T5  T6  T7  T8   T1  T2  T3  T4  T5  T6  T7  T8   T1  T2  T3  T4  T5  T6  T7  T8   T1  T2  T3  T4  T5  T6  T7  T8   T1  T2  T3  T4  T5  T6  T7  T8   T8  T9  T10  T11  T12  T13  T14 focal populations with superior competitors We determined whether these differences in adaptation could be explained by the population sizes of focal populations, and found that relative fitness of focal populations was positively correlated with population size (ANCOVA: population size, figure 5 ). There was a positive relationship between population size and relative fitness only when inferior competitors were used as reference populations (figure 5).
After accounting for population size effects, selection regime remained significant in determining focal population fitness (ANCOVA: selection regime, F 
Discussion
Populations frequently compete with other species or populations for resources, which can greatly affect their potential of adaptation [1, 8, 11, 27] . Consistent with theory, we showed that a competitor-mediated reduction in population size was an important determinant of adaptation [10, 11] . However, we also found evidence for specificity of adaptation with respect to the strength of competition, resulting in no net effect of competition strength on adaptation when focal populations competed against superior or equally fit competitors during the fitness assays.
Specificity of adaptation between P. fluorescens SBW25 populations has been reported before. SBW25 rapidly evolves into morphologically distinct niche specialists, and adaptation of these niche specialists has been shown to be specific to the time points from which genotypes were isolated [23] . Moreover, the evolutionary diversification of SBW25 is greatly influenced by what genotypes have preoccupied the habitat [28, 29] . The specificity of adaptation observed here may be linked to adaptation to evolved niche specialists, but equally there are many general reasons to expect specific adaptation to the strength of competition in general, including the use of less productive resources and life-history changes to minimize competition [30] . Such competition-specific adaptation may be of greater magnitude if competing against more ecologically distinct competitors than used here (e.g. different species), as this could allow further opportunities for character displacement [11] .
Despite the specificity of adaptation, increasing competition strength reduced mean levels of adaptation when measured against multiple competitors, presumably because stronger competitors reduced population sizes and hence the supply of beneficial mutations [10, 11] . Once such population size reductions were controlled for, adaptation was significantly lower in populations that had evolved against equivalent competitors compared to either superior or inferior competitors. We do not know why this is, but speculate that the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20180007 equivalent competitors are probably ecologically most similar to the focal populations given the repeatability of morphological and genomic evolution in this system [31, 32] . This may have minimized opportunities to evolve to reduce competition [11] , ultimately impeding the fixation of beneficial mutations in focal populations through clonal interference [33] . Our results have important implications for predicting the performance of focal populations in the context of migration. In competition-intense scenarios, the prospects of successful colonization are similar for focal species, independent of the strength of previous competition. However, when competition is relaxed, for instance when focal species colonize vacant habitats after disturbances such as fire, volcanic eruption, and antibiotic treatment [34] [35] [36] [37] , the strength of competition a focal species previously experienced does matter, with focal species from weak competition backgrounds being more likely to colonize successfully than those from strong competition backgrounds.
In summary, our results suggest that the intense competition may generally have a negative effect on the adaptation of focal species, partly owing to competitorimposed population size reductions. These results are consistent with previous theoretical studies [10, 11] , suggesting the mechanism to be quite general. One caveat is that if recombination occurs between competitors-either via sexual reproduction or horizontal gene transfer-superior competitors could enhance mean rates of adaptation. We also found that the strength of competition can drive specific adaptation of focal species, and weaken the relationship between fitness gains and population size. Thus, the evolutionary consequences of competition on a focal species' adaptation should be carefully considered in the context of migration. 
